Hereditary gelsolin amyloidosis is an autosomal dominantly inherited amyloid disorder. A point mutation in the GSN gene (G654A being the most common one) results in disturbed calcium binding by the second gelsolin domain (G2). As a result, the folding of G2 is hampered, rendering the mutant plasma gelsolin susceptible to a proteolytic cascade. Consecutive cleavage by furin and MT1-MMP-like proteases generates 8 and 5 kDa amyloidogenic peptides that cause neurological, ophthalmological and dermatological findings. To this day, no specific treatment is available to counter the pathogenesis. Using GSN nanobody 11 as a molecular chaperone, we aimed to protect mutant plasma gelsolin from furin proteolysis in the trans-Golgi network. We report a transgenic, GSN nanobody 11 secreting mouse that was used for crossbreeding with gelsolin amyloidosis mice. Insertion of the therapeutic nanobody gene into the gelsolin amyloidosis mouse genome resulted in improved muscle contractility. X-ray crystal structure determination of the gelsolin G2:Nb11 complex revealed that Nb11 does not directly block the furin cleavage site. We conclude that nanobodies can be used to shield substrates from aberrant proteolysis and this approach might establish a novel therapeutic strategy in amyloid diseases. † J.W. and I.E. contributed equally to this work. ‡ Present address: Biogazelle, Ghent, Belgium.
Introduction
Amyloid-forming proteins are associated with over 30 diseases, some of which are prevalent neurodegenerative disorders such as Alzheimer's, Huntington's and Parkinson's disease (1) . Protein homeostasis in these diseases is defective and conformational changes result in β-sheet structures with a high propensity to aggregate. As a result, fibrous structures form deposits in the tissues, leading to clinical symptoms of various natures. Over the last decade, the importance of intermediate aggregated states has been realized. These intermediates have been shown to be more toxic to the cells than the amyloid fibrils and consequently might be the source of amyloid pathology (2, 3) . Gelsolin amyloidosis or Familial amyloidosis-Finnish type (FAF) is a rare autosomal, dominant disease in which secretion of gelsolin fragments causes amyloid formation (4, 5) . A mutation in the GSN gene (G654A/T is the most common one) results in misfolding and subsequent aberrant proteolysis of plasma gelsolin. Gelsolin is a calcium-regulated, actin-binding protein involved in severing of F-actin filaments (6) . Calcium regulation is imperative for accurate functioning of gelsolin and ensures proper folding of wild-type gelsolin that is normally unaffected by aberrant proteolysis (7) . Mutant gelsolin (D187N/Y) loses calcium regulation, which results in improper folding of the G2 domain (8) (9) (10) . Mutant G2, with a perturbed conformation, exposes a furin cleavage site at its surface that is normally buried in the wild-type structure. The mutant, secreted variant of gelsolin encounters furin in the trans-Golgi network and undergoes proteolysis (11) . As a consequence, the two fragments of mutant gelsolin are secreted. The 68 kDa C-terminal part (C68) is important in the further pathological process because it acts as a substrate for further pathological proteolysis. Upon secretion and entrance into the extracellular matrix, C68 is cleaved by MT1-MMP like proteases that give rise to 8 and 5 kDa peptides (12) . These peptides are amyloidogenic and result in plaque formation in multiple tissues of affected patients. Upon disease progression, the overall clinical presentation is a triad of neurological, ophthalmological and dermatological findings (13), further signs of abnormalities in other organs may occur. There is no specific treatment available to counter gelsolin amyloidosis pathogenesis. Instead, symptomatic treatments are used to improve quality of life for the patients. Several therapeutic strategies have been suggested, aiming for inhibition of protease activity (12, 14, 15) . However, undesired side effects are to be expected when these proteases are inhibited. Here, we aimed for substrate protection using nanobodies. Nanobodies (or VHHs) are single-domain antibodies, discovered as the variable part of the heavy chain of heavy chain antibodies in Camelidae (16) . Nanobodies are endowed with properties advantageous towards biotechnological and medical applications (17) (18) (19) (20) (21) . We have recently shown that nanobodies raised against the 8 kDa amyloidogenic fragment are able to reduce gelsolin buildup following intraperitoneal injection in gelsolin amyloidosis mice (22) . In the present study, we used a distinct gelsolin nanobody to shield mutant plasma gelsolin from pathological furin proteolysis. Furin is a membrane-associated proprotein convertase that is ubiquitously expressed and found in all vertebrates and in many invertebrates (23) . Furin catalyzes the proteolytic maturation of proprotein substrates in the secretory pathway (24) , activates pathogenic agents (25, 26) and has an essential role in embryogenesis (27) . The proprotein convertase localizes to the trans-Golgi network and undergoes highly regulated dynamic cycling to endosomes and the cell surface (24) . The minimal consensus site cleaved by furin is Arg-X-X-Arg↓ (25) , a site that is present in gelsolin as 169 Arg-Val-Val-Arg 172 . We show that GSN Nb11 specifically hinders gelsolin degradation by furin, in vitro as well as when the nanobody is targeted to the endoplasmic reticulum of HEK293T cells. X-ray crystal structure determination of the gelsolin G2:Nb11 complex revealed that Nb11 does not directly block the furin cleavage site. GSN Nb11 showed no cross-reaction with mouse gelsolin, favoring its application in the gelsolin amyloidosis mouse model (28) . We therefore raised transgenic mice, designed in such a manner that they secrete GSN Nb11 into the circulation. These mice were crossed with gelsolin amyloidosis homozygotes to generate offspring that express both mutant plasma gelsolin and GSN Nb11. In these mice, we observed a reduced aberrant gelsolin staining pattern in skeletal muscle tissue and consequently, these mice displayed improved muscle contractile properties when compared with littermate controls. We show here that gelsolin nanobodies can be used to protect mutant plasma gelsolin from pathological furin proteolysis and in this manner, counter amyloidogenesis at an early stage.
Results

Gelsolin Nb11 reduces furin proteolysis of mutant plasma gelsolin in vitro
In a previous study in our lab, different classes of gelsolin nanobodies were characterized and used as intrabodies in cancer cell lines (18) . Epitope mapping and ITC data enabled us to set up a strategy where we aim to prevent furin proteolysis of mutant plasma gelsolin. ↓). We hypothesized that binding of this nanobody to mutant plasma gelsolin might interfere with furin proteolysis (Fig. 1A) . GSN Nb13, interacting with gelsolin domains 4-5 (distant to the furin cleavage site), was chosen to validate the specificity of GSN Nb11 on furin proteolysis (Fig. 1B) . Both GSN Nb11 and GSN Nb13 were reported to have binding affinities for cytoplasmic gelsolin in the low nanomolar range: 1.00 ± 0.11 n and 9.26 ± 1.61 n, respectively (in the presence of calcium) (18) . The affinity of these nanobodies for mutant plasma gelsolin (PG*) was also determined in the presence of calcium and found to be similar (Supplementary material, Fig. S1A and B) . For GSN Nb11, the affinity for PG* was one order of magnitude lower when compared with cytoplasmic GSN, likely due to the mutation in G2 (where the GSN Nb11 epitope resides) (Supplementary material, Fig. S1C ).
As a first step to verify our hypothesis, we performed an in vitro furin cleavage assay ( Fig. 2A) . Recombinant mutant plasma gelsolin was incubated with GSN Nb11/13 prior to degradation by furin. In the presence of GSN Nb11 ( Fig. 2A, upper panels) , we observed reduced proteolysis of full-length plasma gelsolin as the molar ratio of Nb: gelsolin increased. Quantification revealed a C68 signal reduction of 34% (P < 0.01) when GSN Nb11 was added in an equimolar concentration (Fig. 2B) . In contrast, GSN Nb13 ( Fig. 2A , lower panels) had no influence on furin activity; no statistically significant differences were observed upon quantification of the C68 signal (Fig. 2B) . We tested the persistence of the GSN Nb11 effect over time and observed that a ×2 molar excess of GSN Nb11 manages to strongly reduce furin proteolysis up to 8 h after adding the recombinant furin (Fig. 2C ). GSN Nb11 also had no influence on the C68 proteolysis by MT1-MMP, a matrix metalloprotease cleaving the 243 M-244 L scissile bond in G2
(Supplementary material, Fig. S2 ). This further confirms the specificity of GSN Nb11 regarding the furin inhibition. The ability of GSN Nb11 to bind C68 (with a truncated G2 domain) was confirmed by ELISA (Supplementary material, Fig. S3 ). We repeated the in vitro furin assay with His-tagged mutant gelsolin domain 2 (G2*) alone ( 132 G-286 S), instead of full-length plasma gelsolin (Fig. 2D ). In the positive control sample (Fig. 2D, lane 2) in which G2* and furin were incubated, we observed 2 degradation fragments. Upon addition of GSN Nb11, the signal intensity of proteolyzed fragments was progressively reduced as the GSN Nb11 concentration was elevated. We conclude that furin does not require gelsolin domains other than G2* to be able to interact and perform cleavage of the full-length mutant plasma gelsolin and that GSN Nb11 reduces furin proteolysis of G2*.
GSN G2:Nb11 crystal structure provides insight in furin proteolysis reduction mechanism
To further gain insight into the mechanism by which C68 formation is reduced by GSN Nb11, we performed crystallography on the G2:Nb11 complex (Fig. 3) . The crystal structure of the active conformation of calcium-bound domain 2 ( 159 V-259 D) of human gelsolin (G2) in complex to GSN Nb11 was determined at 2.6 Å resolution. The data collection and refinement statistics are detailed in Supplementary material, Table S1 . Structural analysis revealed that Nb11 does not directly block the furin cleavage site at Ala-173 but binds the short α-helix of the G2 domain (Fig. 3A) . Since GSN Nb11 binds G2 at a site distant to the Asp-187 residue, we do not expect the mutant G2:Nb11 interaction surface to be significantly different from what we observed in the G2:Nb11 crystal structure. In gelsolin domain 2 of the G2: Nb11 complex, the type-2 calcium-binding site is occupied, with the calcium ion coordinated by Asp-187, Glu-209 and Asp-259, and the disulfide bond between Cys-188 and Cys-201 is intact (Fig. 3B ). These features are testament to the correct folding of G2 in the absence of the other five gelsolin domains. The G2 structure is highly similar to the corresponding domain in the human G1-G3/actin complex structure (PDB 3FFK) characterized by a root-mean-square deviation (RMSD) of 0.84 Å between the two G2 structures, indicating that Nb11 binding does not induce significant conformational changes in G2 (Fig. 3B ). Structural comparison of the G2:Nb11 complex with unbound Nb11 showed that the mechanism of protection does not involve major conformational changes in Nb11 upon G2 binding (Supplementary material, Fig. S4 ). Superimposition of the bound and the unbound forms of Nb11 revealed an RMSD of 0.426 Å for 747 atoms. The positions of the G2-binding residues are highly conserved. Only 29 Phe relocates to create space for the tight G2:Nb11 interaction. When the GSN Nb11 crystal is evaluated upon interaction with Figure 1 Secretory pathway of (mutant) plasma gelsolin and ER-directed GSN Nb11. (A) Mutant plasma gelsolin is directed to the endoplasmic reticulum (ER) where it is destined to follow the secretory pathway. Throughout its passage via the ER and Golgi network, maturation and packaging of secreted proteins occur before they are sent towards the plasma membrane. In the trans-Golgi network, mutant plasma gelsolin encounters furin, a membrane-associated proprotein convertase. The D187N/Y mutation makes mutant plasma gelsolin susceptible to furin proteolysis, which is not the case in the wild-type form. Upon furin proteolysis, a C-terminal 68 kDa fragment arises and is secreted in the extracellular space where it acts as precursor for a second aberrant proteolysis by MT1-MMP. The ER-directed GSN Nb11 used in this study, follows the same pathway as described and is meant to bind plasma gelsolin in order to protect it against furin proteolysis in the trans-Golgi network. (B) Schematic representation of GSN Nb11/13, bound to gelsolin. GSN Nb11 binds G2, GSN Nb13 binds G4-5.
G1-G2-G3, we observe binding of GSN Nb11 to the short α-helix of G2 that is followed by the G2-G3 linker (which harbors Asp-259 that co-coordinates calcium) (Fig. 3C , shown in blue). Since we noted that Nb11 does not induce conformational changes in G2 (Fig. 3B) , a change in conformation of the G2-G3 linker might be responsible for the protective effect towards the furin cleavage site (Fig. 3C , β-sheet bearing the Ala-173 cleavage site shown in pink). We hypothesized that GSN Nb11 binding is stabilizing the short α-helix of G2 and directing the subsequent chain to cover the furin cleavage site. To investigate this hypothesis, we performed a furin cleavage assay using a truncated G2* domain lacking the G2-G3 linker (Supplementary material, Fig. S5 ). This shortened G2* (with 259 D as C-terminal residue) was also protected from furin cleavage by GSN Nb11 so the G2-G3 linker is most likely not involved in the inhibitory process. Analysis of the interacting surfaces between G2 and Nb11 reveals a variety of hydrogen bonds, salt bridges and hydrophobic interactions (Supplementary material, Table S2 ). The interface spans an area of 610 Å 2 , which comprises 11 and 9% of the solvent accessible surfaces of G2 and Nb11, respectively. All of the Nb11 complementarity-determining regions (CDR) loops contribute hydrogen bonds to the interface with G2, while CDR1 and CDR3 also participate on hydrophobic interactions with G2, and CDR3 forms salt bridges with G2 (Supplementary material, Table S2 and Fig. S6 ). Modeling of GSN Nb11 with full-length gelsolin showed that the nanobody does not interfere with the other gelsolin domains (Supplementary material, Fig. S7 ). To elaborate on the potential influence that GSN Nb11 might have on actin severing activity in plasma, the G2:Nb11 crystal structure was superimposed on G2 in the human G1-G3:actin complex structure, PDB 3FFK (Supplementary material, Fig. S8A and B). Subsequently, the actin from this Nb11: G1-G3:actin model was further superimposed on an actin protomer in an F-actin cryo EM structure (PDB 3G37) (Supplementary material, Fig. S8C ). These models of overlaid structures indicate that GSN Nb11 will sterically clash with actin, preventing G2 bound to GSN Nb11 from interacting with either G-or F-actin, suggesting an inhibitory influence on plasma gelsolin severing activity.
GSN Nb11 retains the ability to reduce furin proteolysis of PG* when directed to the trans-Golgi network of HEK293T cells
To verify our findings in a more complex environment, we further elaborated our hypothesis by testing the effect of GSN Nb11 in HEK293T cells. Since furin is active in the trans-Golgi network (30) and therefore inaccessible to the nanobodies, we directed GSN nanobodies to the secretory compartment where they can bind PG* prior to encountering furin. To this end, we cloned an ER-targeting sequence N-terminally to GSN Nb11/13 ( ) were co-stained with golgin (a trans-Golgi network marker) to confirm their colocalization in the secretory compartment. Next, the ER-directed Nb11/13 were transiently transfected in HEK293T cells together with wild-type or mutant full-length plasma gelsolin (Fig. 4B ).
Epifluorescence microscopy revealed co-localization of GSN Nb11/13 with both gelsolin variants (Fig. 4B , merged images).
To investigate if transient transfection of the ER-directed GSN Nb11 could establish the same effect on gelsolin degradation by furin as was shown in vitro, we analyzed the cell medium (Fig. 4C ). In the medium, secreted proteins are detectable and by probing for gelsolin by western blot analysis, we could monitor the PG* proteolysis level. As a positive control for furin inhibition, we used furin inhibitor I, a peptidyl chloromethylketone that binds irreversibly to the catalytic site of furin and blocks its activity. Post-transfection addition of 100 µ of this inhibitor drastically reduced C68 formation (Fig. 4C, respectively. GSN Nb11 strongly reduces C68 formation whereas GSN Nb13 has no influence (both in comparison to lane 5).
lane 9). Wild-type gelsolin was not observed to be proteolyzed (Fig. 4C, right panel, lanes 4, 6, 8 ).
Development of a gelsolin nanobody secreting gelsolin amyloidosis mouse model
After verification of the GSN Nb11 effect in HEK293T cells, we wanted to further assess the therapeutic effect in an in vivo system. Transgenic gelsolin amyloidosis mice (28) express human mutant plasma gelsolin and the furin cleavage product C68 is found in the plasma of these mice. In order to direct gelsolin nanobodies to the murine secretory compartment, we developed mice expressing ER-directed GSN Nb11/13 for subsequent cross breeding with the gelsolin amyloidosis mice (Fig. 5) . GSN amyloidosis/nanobody double-positive mice will express both transgenic proteins and in this manner, GSN Nb11/13 will encounter PG* in the secretory compartment. ER-directed GSN Nb11/13 cDNA was cloned in the pROSA-DV2 vector, a vector targeting the ROSA26 locus (Fig. 5A ). Insertion at this particular gene locus was meant to result in constitutive, ubiquitous expression of gelsolin nanobodies. After electroporation of the targeting vector in G4 ES cells, we checked for positive clones by Southern blotting (Fig. 5B ). Positive colonies were transfected with the crerecombinase and mRNA was isolated from these cells to check for nanobody presence at the RNA level (Fig. 5C ). Nanobody positive ES cells were aggregated with Swiss inner cell mass (ICM) cells and the resulting blastocysts were transferred to the uteri of pseudopregnant Swiss fosters which resulted in a chimeric offspring (Fig. 5D ). This offspring were backcrossed with wild-type C57BL/6 to check for germline transmission (Fig. 5E ). Pups with nanobody cDNA in the germline cells were crossed with Cre deleter mice to remove the floxed STOP-cassette and activate transcription of the nanobody cDNA (Fig. 5F ). Offspring were genotyped for nanobody and Cre and Nb/Cre double positive pups were checked for nanobody presence in the plasma by co-immunoprecipitation and western blot analysis (Fig. 5G) . In a final step, these nanobody mice were crossed with gelsolin amyloidosis homozygotes to create GSN amyloidosis/nanobody double-positive mice. As a final verification, the offspring were genotyped for gelsolin amyloidosis and checked for nanobody expression in the plasma (Fig. 5H) .
GSN Nb11/13 specifically bind human gelsolin in the GSN amyloidosis/nanobody mouse Plasma was evaluated by western blot analysis and co-immunoprecipitation to estimate expression levels of transgenic human PG* and gelsolin nanobody in the double-positive mice ( Fig. 6A  and B) . Approximate values of 200 and 100 ng protein per milligram plasma (PG* and Nb, respectively) result in plasma concentrations of ∼10 and 5 µg/ml, respectively. For the conversion of concentration per mass to per volume, we used a reference value of 50 mg of total protein per milliliter of blood (31) . The GSN amyloidosis/nanobody transgenic mice also express endogenous mouse plasma gelsolin, apart from the transgenic human PG* form. For this reason, it was important to verify to what extent the gelsolin nanobodies would cross-react with mouse gelsolin, once expressed in the transgenic nanobody mice. We performed co-immunoprecipitation experiments on mouse plasma, taken from wild-type mice and gelsolin amyloidosis homozygote mice (Fig. 6C) . In albumin-cleared plasma from wild-type mice (Fig. 6C, upper panels) , endogenous gelsolin was detected with a polyclonal gelsolin antibody (Fig. 6C , upper panels, lane 1). Non-specific interaction of endogenous plasma gelsolin with the V5 agarose was absent (Fig. 6C , upper panels, lane 2). Neither excess recombinant GSN Nb11 nor GSN Nb13 co-immunoprecipitated mouse plasma gelsolin (Fig. 6C , upper panels, lanes 3 and 4, respectively). As a positive control in this experiment, a similar co-immunoprecipitation experiment was performed on plasma from 4-months-old homozygous gelsolin amyloidosis mice (Fig. 6C, lower panels) . Using the anti-FAF antibody, we can specifically detect human full length and C68 gelsolin formats in the albumin cleared plasma (Fig. 6C , lower panels, lane 1). Non-specific interaction with the V5 agarose was not observed (Fig. 6C , lower panels, lane 2) but we observed coimmunoprecipitation between human gelsolin formats for both recombinant GSN Nb11 and GSN Nb13 (Fig. 6C, lower panels,  lanes 3 and 4) . It is clear that the binding tendency of GSN Nb13 to the C68 fragment is much higher when compared with GSN Nb11. This can be explained by the fact that the epitope of GSN Nb11 resides in domain 2, which is truncated in C68. The epitope of GSN Nb13 is in gelsolin domains 4-5 which is unaffected in C68 and thus still accessible. These experiments show that 'dilution' of the potential therapeutic effect by cross reaction of GSN Nb11 with endogenous mouse plasma gelsolin is expected to be minimal.
GSN Nb11 expression in gelsolin amyloidosis mice positively affects transgenic mutant gelsolin proteostasis in skeletal muscle tissue
We evaluated the effect of GSN Nb11/13 expression in gelsolin amyloidosis mice by analysis of muscle tissue at different time points in the different groups. FAF Nb1, a previously characterized nanobody, was used as primary antibody in immunohistochemistry analysis (22) . This nanobody was shown to bind all gelsolin formats, with a preference for the 8 kDa peptide and C68 fragment. Analysis of the heart muscle confirmed the staining specificity since in the 3-month-old mice, no (background) staining was observed (Supplementary material, Fig. S10A ). In every group (control, Nb11 and Nb13), the staining becomes perceptible at the age of 6 months (Supplementary material, Fig. S10B ) and persists at 9 months (Supplementary material, Fig. S10C ). Since the staining pattern in the heart tissue was not homogeneous around the slide, no quantification of gelsolin staining was performed on the heart tissue and no effect of nanobody expression was evaluated. In contrast to the cardiac tissue, gelsolin staining was present in the musculus gastrocnemius at the ages of 3, 6 and 9 months (Fig. 7A-C) . Costaining for laminin was performed to rule out artifacts and to make sure intact muscle tissue was evaluated. Gelsolin staining was homogeneous around the tissue slide and quantification of gelsolin staining surface was performed for every group at the ages of 3, 6 and 9 months (Supplementary material, Fig. S11 ). Gelsolin staining in 3-month-old mice was reduced with 27 ± 9% (P < 0.05) in GSN Nb11 expressing mice compared with littermate controls. Staining reduction in comparison to GSN Nb13 mice was 32 ± 8% (P < 0.05) (Supplementary material, Fig. S11A ). In 6-month-old mice, no statistical relevant differences were observed (Supplementary material, Fig. S11B ). When the mice reached the age of 9 months, a gelsolin staining reduction was discerned between GSN Nb11 mice and littermate controls (28 ± 9%, P < 0.05) (Supplementary material, Fig. S11C ).
Reduction of aberrant furin proteolyis by GSN Nb11 results in improved muscle contractile properties
To test if the altered gelsolin staining patterns had an influence on muscle functionality, we examined muscle contractile properties of the transgenic mice. GSN Nb13 expressing mice showed no differences in staining pattern when compared with littermate controls and this group was consequently not included in the experiment (as were mice of 3-and 6-month old).
In vitro contractile functions were investigated in two different hind-leg muscles: extensor digitorum longus (EDL) and soleus. Intact incubated muscles were electrically stimulated repeatedly to evoke tetanic contractions. Typical features of a fatiguing protocol are a decrease in force development and reductions of contraction and relaxation speed. The decrease in contraction speed was strongly attenuated, across the entire 8-min fatigue protocol, in EDL, but not in soleus of the GSN Nb11 mice compared with littermate controls (Fig. 8A and B) . Neither the decrease in force development nor the relaxation speed was affected by the intervention in EDL and soleus (Supplementary material, Fig. S12 ). However, the force development (expressed relative to maximal force) in resting state was higher in the GSN Nb11 mice at a frequency of 20 Hz in soleus, but not significantly at other frequencies, nor in EDL ( Fig. 8C and D) , suggesting that the calcium handling during single muscle contractions was slightly improved by the intervention.
Discussion
Correct folding is essential for proteins to execute their function. Complex systems have evolved to assist folding, prevent aberrant folding and clear misfolded proteins. A myriad of quality control (QC) systems prevents disturbed proteostasis (32) but in certain cases, these QC systems are overloaded or defected and they fail to ensure proper transcription, translation and secretion of proteins. Amyloid disease develops when misfolded proteins aggregate and form ( pre-)fibrillar structures that are toxic to the affected tissue. A lot of research effort has been put in targeting toxic oligomeric intermediates (33), amyloid fibril formation (34) or even extracellular matrix components (35) . These therapeutic approaches try to intervene with stages following the genesis of amyloidogenic peptides. In this study, we aimed to interfere with the pathological proteolytic cascade of the disease, prior to amyloid peptide formation. Recently, we have shown that C68 binding nanobodies are able to reduce proteolysis by MT1-MMP-like proteases in the gelsolin amyloidosis mouse model (22) .
In the present study, we targeted the protease that initiates the whole pathological process: furin. This proprotein convertase is an essential, ubiquitously expressed protease (36) and hence not a suitable candidate for direct therapeutical targeting. However, we influenced furin activity indirectly by aiming for its substrate: mutant plasma gelsolin. Gelsolin nanobodies are proved to have an impact on proteolysis by contaminating E. coli proteases in recombinant gelsolin samples (18) . Some nanobodies accelerated the proteolytic breakdown of gelsolin, yet others slowed down the proteolysis. Thus, the nanobody-gelsolin interaction can protect gelsolin from proteolytic processing.
In a similar fashion, we wanted to use GSN Nb11 as armor to protect mutant plasma gelsolin from pathological furin proteolysis. In vitro assays and HEK293T cell studies confirmed our hypothesis and showed a reducing effect of GSN Nb11 on furin proteolysis. Structural analysis of the gelsolin G2:GSN Nb11 complex revealed that Nb11 does not directly block the cleavage site at 172 Arg-173 Ala. Superposition of G2 from the G2:Nb11 complex and the N-terminal active gelsolin:actin complex suggested that GSN Nb11 does not induce a major conformational change in the G2 domain. We also found that the inhibitory effect does not involve major structural changes in GSN Nb11 nor stabilization of the G2-G3 linker to cover the furin cleavage site. This Figure 7 Immunohistochemistry analysis in musculus gastrocnemius of gelsolin amyloidosis mice at the age of 3, 6 and 9 months. Musculus gastrocnemius tissue was dissected from gelsolin amyloidosis mice expressing GSN Nb11/13 and their nanobody negative littermate controls. Immunohistochemistry staining was done for gelsolin (red) and laminin (green) on mice of 3, 6 and 9 months old (A, B and C, respectively) (scale bar = 50 µm).
leaves two possibilities as to the mechanism of protection. The first possibility is that Nb11 binding may hinder the cleavage site from reaching to the binding pocket of furin by interaction with a distant site on G2*. The second possible mechanism of protection is that the Nb11 interaction specifically stabilizes the inactive or active conformations of gelsolin G2 in the FAF mutant, since in both conformations the cleavage site is protected from furin cleavage (10) . Unlike the MT1-MMP-like proteases that were targeted in our previous study (22) , furin is an intracellular protein, active in the trans-Golgi network (TGN) and shuttling to the plasma membrane (30) . This made it impossible to inject GSN Nb11 in gelsolin amyloidosis mice since the nanobody cannot permeate several membrane barriers to reach the TGN. For that reason, we designed a transgenic mouse expressing ER-directed GSN Nb11. Secreted Nb11 will pass the TGN while traversing the secretion pathway and encounter mutant plasma gelsolin. This is the first study reporting a mouse that expresses a therapeutic nanobody, demonstrating the versatility of the nanobody technology.
Expression of a gelsolin nanobody in mice had potential consequences in terms of cross-reactivity. Apart from the mutant human plasma gelsolin, the endogenous mouse plasma gelsolin is also expressed in the gelsolin amyloidosis mice. We have demonstrated that interaction of the gelsolin nanobodies with the endogenous gelsolin is unlikely so cross-reaction effects in mice are improbable. In a previous study, AST/ALT (aspartate transaminase/alanine transaminase) measurements in nanobody injected mice indicated that nanobody presence in plasma does not trigger adverse effects (22) . Extrapolation of the intracellular shielding approach to human patients would imply gene therapy. The last two decades, new strategies concerning targeted gene transfer are investigated thoroughly, both viral (37,38) as well as non-viral approaches (39) . Effective targeting of GSN Nb11 to specific organs might result in a therapeutic merit for the affected patients.
Severing experiments with plasma of gelsolin amyloidosis patients showed that mutant plasma gelsolin loses severing activity (40) . Homozygous patients lose all activity, and heterozygous patients retain 50% activity because they still have a wildtype allele. Yet, the actin scavenging system in plasma of gelsolin amyloidosis patients is not affected in a problematic way (41) . Other actin-binding proteins such as vitamin D binding protein (DBP, present in high concentrations) act redundantly by sequestering G-actin monomers (42) . For this reason, radical side effects on actin scavenging capacity of wild-type plasma gelsolin are not expected to be induced by GSN Nb11 when blocking the interaction with monomeric and filamentous actin. In addition, it is important to note that the expression level of transgenic nanobody in our mouse model was estimated by measuring the amount of free nanobody in the plasma. Since the nanobody is ubiquitously expressed, we have to be aware of the fact that only a fraction of secreted nanobody originates from muscle tissue, also expressing mutant plasma gelsolin. However, in our mouse model, the relatively low expression level was sufficient to establish a therapeutic effect. In vitro furin cleavage assays showed that the reducing effect of GSN Nb11 on C68 formation was amplified when using increasing concentrations of GSN Nb11 versus mutant PG. Hence, when applied to human patients, the GSN Nb11 dose will be a determining factor in establishing the therapeutic effect.
Translation of this approach into human patients using stateof-the-art gene transfer technology (43, 44) would imply that the GSN Nb11 expression can be targeted in a more tissue-specific manner. Hence, the expression level would be more manageable, resulting in a greater therapeutic effect. In this study, we present a unique nanobody expressing mouse model that provides insights regarding novel strategies to counter amyloid diseases.
Materials and Methods
Antibodies and reagents
Monoclonal and polyclonal anti-V5 antibody was purchased from Life Technologies (Merelbeke, Belgium) (both 1:500 in ICC, 1:800 in IHC). Alexa Fluor 594 goat anti-rabbit IgG (H + L) antibody and 488 goat anti-mouse (H + L) were purchased from Invitrogen (Merelbeke, Belgium)(both 1:500 in IHC). Polyclonal anti-gelsolin antibody (1:100 in ICC) was obtained as described previously (45) . Monoclonal anti-laminin antibody (1:500 in IHC) was purchased from Abcam (Cambridge, UK). Penta-His 6 horse radish peroxidase (HRP) coupled antibody was obtained from Qiagen (Venlo, The Netherlands). FAF Nb1-V5 was used as primary antibody in immunohistochemistry (22) . Furin inhibitor I was purchased from Calbiochem (San Diego, CA, USA).
Recombinant protein purification
Performed as described previously (22) .
cDNA cloning
Cloning of PG* in the pTrcHis-TOPO vector (Life Technologies, Merelbeke, Belgium) was performed using following primers: 5′ GCCACTGCGTCGCGGGGGGCG 3′ (forward) and 5′ GGATATCT GCAGAATTGCCCTAGGCAGCCAGCTCAGCCATGGC 3′ (reverse). PG was subcloned in the peGFP.N1 vector (Clontech, Mountain View, CA, USA) using HindIII and SacII. Quikchange site-directed mutagenesis was performed to introduce the D187N mutation in PG using following primers: 5′ GCCATGGCTGAGCTGGCTGCC TAGGGCAATTCTGCAGATATCC 3′ (forward) and 5′ GGATATCTG CAGAATTGCCCTAGGCAGCCAGCTCAGCCATGGC 3′ (reverse). GSN Nb11 and GSN Nb13 were cloned in the pCMV/myc/ER vector (Life Technologies, Merelbeke, Belgium) using 5′ GGC GGC GCG CAC TCC CAG GTG CAG CTG CAG GAG TCT GGA GG 3′ (forward) and 5′ CCCCTCGAGCGTAGAATCGAGACCGAGGAGAGGGTT AGG GATAGGCTTACCACCACCAGAACCACCACCACCGCTGGAGACGGT GACCTGGGTCCC 3′ (reverse). This reverse primer introduced a V5-tag between the inserted GSN nanobody and the myc-tag in the vector. A Quikchange site-directed mutagenesis kit (Stratagene, Santa Clara, CA, USA) was used to introduce a stop codon between the myc-tag and the KDEL retention signal. Following primers were used: 5′ GAGGATCTGAATGGGGCCGCATAAGAG AAGGACGAGCTGTAGTC 3′ (forward) and 5′ GACTACAGCTCGTC CTTCTCTTATGCGGCCCCATTCAGATCCTC 3′ (reverse). The ERdirected GSN Nb11/13 was subcloned from the pCMV/myc/ER vector to the pDONR207 vector (BCCM/LMBP) by means of the BP clonase II kit (Life Technologies, Merelbeke, Belgium) in order to generate an entry vector. AttB sites were included in both forward and reverse primer and the PCR product was used in a homologous recombinant reaction with the attP sites in pDONR207. Primers involved in the BP cloning reaction were 5′ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGGATG GAGCTGT 3′ (forward) and 5′ GGGGACCACTTTGTACAAGAAAGCT GGGTCCTATGCGGCCCCATTCAGATC 3′ (reverse). 100 ng of the resulting entry vector, containing the GSN Nb11/13 cDNA was combined with 100 ng of pEntry L4-Caggs-loxpNeopolyaloxpR1, 100 ng of pEntry R2 IRES eGFP luciferase pA L3 and 2 µl LR clonase II mix (Life Technologies, Merelbeke, Belgium). TE buffer ( pH 8.0) was added until a volume of 10 µl. This reaction mixture was incubated for 8 h at 25°C. Subsequently, 150 ng of pROSA-DV2 (anti-sense) and 1 µl of additional LR clonase II mix was added to the reaction mixture and incubated overnight at 25°C to create the final targeting vector. The reaction mixture was transformed in DH5α cells according to the manufacturer's instructions and incubated overnight on LB-agar plates containing 100 µg/ml ampicillin. Plasmid was purified from resulting colonies and checked by HindIII control digestion and DNA sequencing. The used constructs from the LR reaction were described previously (46) .
In vitro furin assay
The in vitro cleavage reaction (47) was performed in a total volume of 20 µl. 3 µ purified recombinant PG* was incubated with GSN Nb11 (or negative control GSN Nb13) in reaction buffer (100 m MOPS (3-(N-morpholino) propanesulfonic acid) pH 6.2, 2 m CaCl 2 , 1 m DTT) for 1 h at 4°C. To initiate cleavage, 0.5 units of furin were added and the mixture was further incubated at 37°C for 1 h. The reaction was terminated by adding 5 µl Laemmli sample buffer and samples were immediately boiled for 5 min and analyzed by 10% SDS-PAGE and Coomassie staining. The C68 signal was quantified by using the Image J software. In the in vitro furin assay using the G2* domain lacking the G2-G3 linker ( 259 D as C-terminal residue), polyclonal anti-FAF antibody and penta-His 6 horse radish peroxidase (HRP) coupled antibody were used to detect G2* and GSN Nb11, respectively.
In vitro MT1-MMP assay
HEK293T cell culture, transfections and microscopy HEK293T cells were maintained at 37°C in a humidified 10% CO 2 incubator and grown in DMEM medium (Gibco Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Thermo Scientific, Erembodegem, Belgium). Transient transfection was performed using the CaPO 4 protocol. Coverslips were blocked with 1% bovine serum albumin and incubated with primary antibody for 1 h at 37°C. Next, the appropriate Alexa Fluorconjugated secondary antibody was incubated at room temperature for 30 min. Nuclei were stained with DAPI (0.4 μg/ml) (Sigma, St Louis, MO, USA). Cells were mounted with VectaShield and imaged at room temperature using a Carl Zeiss Axiovert 200 M Apotome epifluorescence microscope equipped with a cooled CCD Axiocam camera (Zeiss ×63 1.4NA Oil Plan-Apochromat objective) and Axiovision 4.5 software.
Cell lysate and medium analysis
Transiently transfected HEK293T cells were washed with PBS and disrupted in ice-cold lysis buffer (PBS + 1% Triton X-100, 1 m PMSF and 200 µg/ml protease inhibitor cocktail). The extract was centrifuged (29 000g) for 10 min at 4°C, and the supernatant was collected. HEK293T cell medium was collected from the culture flask and centrifuged (29 000g) for 5 min at 4°C to remove the dead cells from the medium. 20 µg of cell lysate or medium was used to analyze by SDS-PAGE and western blot analysis.
ES cell culture
The G4 ES cell line was grown and manipulated as described previously (48) . Briefly, the G4 ES cells were grown and manipulated at 37°C in 5% CO 2 on mitomycin C-treated mouse embryonic fibroblasts [derived from TgN (DR4)1 Jae embryos] in Knockout DMEM (Invitrogen), supplemented with 15% ES FBS (HyClone), 0.1 m β-mercaptophenol, 2 m -glutamine, 1 m sodium pyruvate, 0.1 m non-essential amino acids and 2000 U/ml recombinant LIF (DMBR/VIB Protein Service facility).
ES cell electroporation
Two electroporation cuvettes (Biorad) each containing 6 × 10 6 ES cells resuspended in electroporation buffer (Specialty Media) were electroporated (500 µF, 250 V) with 20 µg of linearized vector. The pROSA-DV2 targeting vector containing the ER-directed GSN Nb11/13 was linearized with AloI restriction enzyme (Thermo Scientific, Erembodegem, Belgium). The ES cells were put on ice for 20′ before seeding on a 10 cm dish with mitomycin Ctreated mouse embryonic fibroblasts containing ES-cell medium. G418 selection (180 µg/ml) was applied the following day and 7-10 days later, surviving colonies were picked and expanded.
Southern screening
From the surviving colonies after ES cell electroporation, gDNA was isolated and used as template for Southern screening. The gDNA was digested with EcoRI-HF and KpnI (Bioké, Leiden, The Netherlands). Southern screening was performed as described previously (49) . A 5′ external probe was used to identify the ES colonies positive for the GSN nanobody transgene.
ES cell aggregation
Chimeras were generated by aggregation of ROSA26-targeted ES cells with Swiss inner cell mass (ICM) cells. After overnight culture, the resulting blastocysts were transferred to the uteri of pseudo pregnant Swiss fosters. Chimeras were put in test breeding with C57BL/6 mice and the resulting offspring were screened by PCR. Germline offspring were crossed to Sox2-Cre mice to obtain ubiquitous expression of the transgene.
Genotyping and nanobody expression analysis of transgenic mice
For genotype analysis of newborn pups, tail tip amputation was performed and the tail was subsequently lysed overnight in 100 µl DirectPCR Lysis Reagent (Viagen Biotech, Los Angeles, CA, USA) at 55°C, with addition of 1 µl of proteinase K, recombinant PCR grade (Roche, Basel, Switzerland). The next day, the proteinase K was heat inactivated by incubating the lysate at 95°C for 10 min. Centrifugation (29 000g) for 5 min was performed to pellet the tail tissue in the lysate. Supernatant (1 µl) was used as template for PCR analysis. Gelsolin amyloidosis genotyping primers: forward 5′ GCAGGAAGACCTGGCAACG 3′, reverse 5′ GGCAACTAGAAGGCACAGTCG 3′. Nanobody genotyping primers: forward 5′ GGATGGAGCTGTATCATCCTCTTCTTGG 3′ and reverse 5′ GCGGCCCCATTCAGATCCTC 3′. For nanobody expression analysis in mouse plasma, blood was collected from the tail vein and centrifuged for 5 min at 4°C (1500g). 1 mg of plasma was used for a V5 pull-down experiment as described previously (22) . Polyclonal anti-V5 antibody (1:2000) was used for nanobody signal detection.
Mouse plasma and muscle tissue analysis
Mouse plasma (full plasma or albumin cleared) and muscle lysates were obtained and analyzed as described previously (22) .
IHC and microscopy
Musculus gastrocnemius tissue was extracted from the hind limb and snap frozen in liquid nitrogen. Cryosections were made and thawed for 15 min. Subsequently, the sections were incubated in aceton for 20 min at −20°C, followed by a quick wash with PBS and 10 min incubation in PBS. Next, sections were incubated in 50 m NH 4 Cl/PBS for 10 min and washed again in PBS. Endogenous peroxidase activity was blocked by incubating in 0.3% H 2 O 2 for 20 min followed by washing in PBS. Sections were incubated in 1% BSA/PBS for 20 min and incubated overnight with laminin antibody (1:500) at 4°C. The next day, V5-tagged FAF Nb1 was incubated for 1 h at room temperature at a 5 µg/ml concentration. Next, a PBS wash was performed and secondary antibody ( polyclonal anti-V5) was incubated (1:800) for 1 h, followed by a PBS wash. Auto fluorescent antibodies (594 anti-rabbit and 488 antimouse; both 1:500) were incubated for 1 h at room temperature. Sections were rinsed in PBS and stained with DAPI (1:500) for 2 min. Finally, sections were mounted with VectaShield and imaged at room temperature using a Leica DM6000 B microscope. Quantification of the images was performed with ImageJ software.
Muscle contractile properties analysis
Crystallization and structural determination
Gelsolin G2G3 and Nb11 were mixed in an equal molar ratio in 50 m Tris-HCl, pH 7.5, and 150 m NaCl and subjected to sizeexclusion chromatography using a HiLoad ® 16/60 Superdex ® 200 column (GE Healthcare). Eluted fractions of the corresponding complex were then concentrated to 22 mg/ml for crystallization screening at 15°C. A single crystal was observed in a 1:1 ratio sitting drop vapor diffusion condition comprising 30% PEG1500 as precipitant. X-ray diffraction data were collected at the National Synchrotron Radiation Research Center (NSRRC, Taiwan), beamline BL13B1, up to a resolution of 2.6 Å. Data were processed and scaled using the HKL2000 program package (HKL Research). Structural determination was initiated by molecular replacement using a single gelsolin domain from the active N-terminal gelsolin (PDB: 3FFK) and gelsolin nanobody (PDB: 2X1P) structures as search models in PHASER (50) . Model building was performed with COOT (51) . Restrained refinement of the structure was carried out in the CCP4 suite of programs (52) and PHENIX (53) . The data collection and refinement statistics are listed in Supplementary material, Table S1 . All molecular structure figures were generated using PyMOL (Delano Scientific LLC). The atomic coordinates of the G2:Nb11 and Nb11 crystal structures have been deposited into the Protein Data Bank (PDB access 4S10 and 4S11, respectively). Crystals of Nb11 were obtained from 1:1 ratio sitting drop vapor diffusion against 40% PEG8000 in 100 m HEPES, pH 8.2. X-ray diffraction data were collected at the National Synchrotron Radiation Research Center (NSRRC, Taiwan), beamline BL13B1, up to a resolution of 2 Å (data were processed and scaled using the same programs as for the G2:Nb11 data set.) Structural determination was initiated by molecular replacement using Nb11 from the G2:Nb11 complex.
Statistical analysis
For statistical analysis, two sided unpaired t-tests were performed using SPSS software. Data are represented as mean + SE. (*P < 0.05; **P < 0.01; ***P < 0.001).
Supplementary Material
Supplementary Material is available at HMG online.
